Introduction
Tropical storms have intrinsic predictability timescale limits (Emanuel et al., 2004; Leslie et al., 1998) . Within these limits, tropical cyclone forecasts depend on the principle factors including computer power, observational constraints, and the understanding of tropical cyclone physics. During the previous decades, computer performance has increased by several orders of magnitude. Tropical cyclone observations have significantly improved as well. Storm intensity forecasting has nevertheless had almost no progress (Kaplan et al., 2010; Rogers et al., 2013) . Substantial improvements in computer performance and observational capabilities indicate that key physics are poorly parameterized or missing in tropical cyclone prediction systems (Soloviev et al., 2014) .
Following Emanuel (1995) , Wing et al. (2007) , and Lin et al. (2013) , the theoretical maximum, or potential intensity (PI), of a steady state tropical cyclone is
which is proportional to the enthalpy coefficient C k and inversely proportional to the drag coefficient C d , where V is the maximum 1 min average wind speed at 10 m height, k is the enthalpy, and k Ã is the saturation enthalpy at the sea surface,
is defined as the precyclone depth-averaged ocean temperature, h is the 268C isotherm depth, and T 0 is the outflow temperature at the top of the tropical cyclone determined by the atmospheric environmental Key Points: Rapid storm intensification and rapid decline of major tropical cyclones are analyzed in connection with the state of the sea surface The two-phase environment at the air-sea interface can result in the observed hysteresis of intensification and decline of tropical cyclones Rapid intensification, decline, and bimodal distribution of maximum intensity can be related to the aerodynamic drag well near 60 m s 21 wind
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According to equation (1), the PI index is proportional to C k =C d ð Þ 1=2 , thus controlling the maximum tropical cyclone intensity for given external variables (Green & Zhang, 2013) . Jeong et al. (2012) found that C k may not strongly depend on wind speed for winds U 10 > 10 m s 21 at 10 m height. The Jeong et al. (2012) laboratory experiment was, however, limited to the maximum equivalent neutral wind speed of U 10 540 m s 21 . This laboratory result is in part corroborated by aircraft-based flux measurements (Drennan et al., 2007) and has been extended by Richter and Stern (2014) to U 10 570 m s 21 using dropsonde data. There are, however, virtually no data on C k for higher wind speeds.
In a laboratory study, Donelan et al. (2004) found that C d has a tendency to increase with wind speed and then level off above U 10 % 33 m s 21 , corresponding to a Category 1 hurricane. The field data of Powell et al. (2003) , Black et al. (2007) , Jarosz et al. (2007) , Bell et al. (2012) , and Hsu et al. (2017) suggest that in tropical cyclones C d levels off or even decreases above 30 m s 21 . Soloviev et al. (2014) concluded that the dependence of the drag coefficient on wind speed may have a local minimum around U 10 % 60 m s 21 (''sweet spot'' or ''aerodynamic drag well'').
In tropical cyclones, the air and sea are strongly coupled. Heat energy is supplied to tropical cyclones by the overheated upper ocean through the air-sea interface. Tropical cyclones also transfer momentum to and dissipate kinetic energy in the ocean through the air-sea interface.
Tropical cyclones typically undergo rapid intensification before reaching the status of a major storm. The process of rapid intensification is still a serious challenge for tropical cyclone prediction because the physics of rapid intensification are not yet completely understood (Emanuel, 1995; Kaplan et al., 2010; Lin et al., 2013) . Here, we analyze the processes of rapid storm intensification and decline in connection to physical properties of the air-sea interface.
Our paper is organized as follows. Section 2 describes properties of the air-sea interface under tropical cyclones and the related numerical and laboratory experiments. In section 3, the aerodynamic drag coefficient under tropical cyclones and the theoretical background for the drag coefficient minimum at U 10 % 60 m s 21 (''aerodynamic drag well'') are presented. Section 4 analyzes the process of rapid intensification and decline of a number of major tropical cyclones. Possible connections between the rapid storm intensification, the peak on the histogram of the lifetime maximum intensity, and the wind speed dependence of C d are discussed in section 5. Section 6 concludes the article.
The State of the Air-Sea Interface Under Tropical Cyclones
Under tropical cyclone conditions, the sea surface is covered with ''white out'' (Holthuijsen et al., 2012) . The white out consists of foam, spray (small droplets), and spume (large droplets). The exploding air-bubbles also produce a population of small spray droplets. The white out is much more widespread than the whitecaps formed by the breaking of energy-containing surface waves. Analyzing hurricane hunter photos, Holthuijsen et al. (2012) found that the whitecap coverage in tropical cyclone conditions is less than 10% on average. They, however, did not provide any physical explanation of this phenomenon.
Physics of the air-sea interface under tropical cyclone conditions are complicated due to a wide range of time and length scales involved. The role of the two-phase environment at the air-sea interface has not yet been completely understood, which is particularly due to insufficient in situ observations. The mechanisms that control disruption of the air-sea interface, generation of marine spray, and foam formation are somewhat analogous to the process of atomization in engineering applications, such as fuel injection in combustion and cryogenic rocket engines, food processing, and inkjet printing (Ling et al., 2015; Shinjo & Umemura, 2010; Yecko et al., 2002) . Based on this analogy, the white out covering the sea surface under tropical cyclone conditions can be a result of the Kelvin-Helmholtz (KH) shear instability of the air-sea interface (Soloviev et al., 2014) . This type of instability may include the well-known interfacial mode (Helmholtz, 1868; Thomson [Kelvin] , 1871) and a ''liquid'' mode. The liquid mode develops in the twophase viscous mixing layers at the gas-liquid interface. The liquid mode may have some resemblance to the Holmboe (1962) instability. The Holmboe instability appears in a number of atmospheric, oceanic, and Journal of Geophysical Research: Oceans 10.1002/2017JC013435 10,175 astrophysical problems (Alexakis, 2007; Constantinoua & Ioannoub, 2011; Smyth, 2006; Smyth & Peltier, 1989) . The Holmboe instability can develop in highly stratified shear layers when the density stratification is concentrated in a small region of the shear layer. The Holmboe instability mode has not been studied in detail in the case of the air-water interface. The initial instability may occur in the form of the interfacial (KH) mode and then transit into a Holmboe mode (Smyth & Winters, 2003) .
Terminology in this area of science has not yet been finalized. To be consistent with the literature on atomization (see, e.g., Jerome et al., 2013; Ling et al., 2015;  and others), we will call both the interfacial and liquid instability modes the KH instability.
Under light winds, the KH instability of the air-water interface may contribute to the generation of surface waves in the gravity-capillary range. Under slightly stronger wind speed conditions, these waves become steep, nonlinear, and break internally (i.e., without piercing the air-water interface). This phenomenon is called ''microscale wave breaking'' (Banner & Phillips, 1974) . For winds greater than $6 m s 21 , gravity waves break and wind flow separation from the surface becomes an issue. Under strong winds, around U 10 % 30 m s 21 , the microscale wave breaking overcomes gravity and surface tension forces and disrupts the air-sea interface (Hoepffner et al., 2011; Soloviev & Lukas, 2010) . As a result, intense formation of foam, spume, and marine spray occurs, which may contribute to most of the white out cover of the sea surface under tropical cyclone conditions. Figure 1 shows the results of a numerical experiment performed with the multiphase volume of fluid large eddy simulation (VOF LES) computational fluid dynamics model described in Soloviev et al. (2012) . A very fine mesh with the spatial resolution at the air-water interface Dx 3Dy3Dz50:7530:7530:75 mm 3 was used in this work (versus 5:03 5:031:0 mm 3 in Soloviev et al., 2012) . The surface tension coefficient at the air-water interface was set at 0.072 N m 21 ; periodic boundary conditions were set along the x axis; and slippery boundary conditions at the bottom and side walls.
The model ( Figure 1 ) was initialized with a flat air-sea interface. The model was forced with a 4 N m 21 wind stress corresponding to U 10 % 40 m s 21 (a and b) and applied as a boundary condition at the top of the numerical domain. Figure 1c views the sea surface from below. There is a noticeable asymmetry between the air and water sides of the interface-most of the action is on the airside. Such asymmetry is typical for the KH instability at an interface between liquids with a significant density difference (Hoepffner et al., 2011) .
In the view from below (Figure 1c ), there are ''loops'' at the sea surface. We interpret these structures as the possible signature of the Holmboe instability mode (Smyth & Winters, 2003) . The Holmboe mode for very strong stratification is characterized by periodic ejections of the loops far away from the shear layers as a result of the sloping convection (Emanuel, 1994; Smyth, 2006) . This is a plausible mechanism for the formation of finger-shaped (Koga, 1981) and bag-shaped structures (Troitskaya et al., 2017) , which are responsible for the production of sea spray, foam, and spume under tropical cyclone conditions.
The laboratory experiments conducted at the University of Miami Rosenstiel School of Marine and Atmospheric Science (UM RSMAS) ASIST facility have revealed features of various shapes above the water surface, generating sea spray, and spume ( Figure 2 ) that are qualitatively consistent with the results of numerical simulations. Note that numerical simulation of foam requires much finer mesh resolution. Miles ' (1959) theoretical analysis demonstrated that the KH instability could develop at a flat air-water interface but not in the presence of wind waves. Nevertheless, Koga (1981) reported observations of the KH instability at the air-water interface in a laboratory study performed under a hurricane force wind in the presence of surface waves. In Koga's experiment, the KH instability was observed predominantly near wave crests. The numerical simulation in the presence of a surface wave ( Figure 3 ) reveals the KH instability as well, predominately near wave crests, corroborating Koga's laboratory result.
In order to explain these laboratory and numerical results (which differ from Miles' 1959 prediction) for the case shown in Figures 1a and 1b , we traced the development of the KH instability from the initially flat air-sea interface (Figure 1a ) to a stage of developed KH instability (Figure 1b) . The wind stress applied to the top of the numerical domain as a boundary condition at t 5 0 s, penetrated to the air-water interface at t 5 0.36 s (Figure 1a ). Remarkably, it took only O(10 22 s) to develop the KH instability. Miles (1959) considered only the time-averaged wind velocity profile.
As we see from the numerical experiment shown in Figures 1a and 1b , the KH instability can develop on a time scale much less than the period of energy-containing wind waves. This result is consistent with Kelly's (1965) theoretical estimate for the time scale of the KH instability development at the air-water interface.
When waves are present, the instantaneous wind velocity profile significantly fluctuates near the sea surface. As a result, the interfacial The equivalent wind speed is U 10 5 40 m s 21 (equivalent to a Category 2 tropical cyclone). This laboratory experiment was conducted at the UM RSMAS ASIST facility (Soloviev et al., 2014) . The large difference in density between the air and water leads to strong asymmetry of the KH instability process (Hoepffner et al., 2011) . Note that the shadow imaging technique used for visualization in this experiment could not resolve air bubbles in the water. (top) Finger-type ejection from the surface and (bottom) bag development from looped structures. According to the laboratory experiment conducted by Troitskaya et al. (2017) , spray generation by the bag structures dominated over that of the fingers (the laboratory conditions corresponded to a Category 1 storm). shear fluctuates and can reach much larger values than the time-averaged shear, especially near the wave crests. Consequently, the KH instability of the air-sea interface has sufficient time to develop in response to a local increase of the wind shear on the wave profile, locally disrupting the interface, producing foam, spume, and a spectrum of small droplets. This is an example of the hydrodynamic system that is stable on average but unstable for fluctuations (Farrell & Ioannou, 2008) .
Drag Coefficient in Two-Phase Environment
Several laboratory and field experiments have reported the leveling off or decreasing of C d under very high wind-speed conditions (Bell et al., 2012; Black et al., 2007; Donelan et al., 2004; Hsu et al., 2017; Jarosz et al., 2007; Powell et al., 2003) . This phenomenon cannot be explained by the suppression of near-surface turbulence by buoyancy forces due to spray loading in the hurricane boundary layer. With the currently known sea spray generation function, the spray buoyancy effect on C d (referred to 10 m height) appears to be relatively small (Ingel, 2011; Soloviev & Lukas, 2006) , though it may be more pronounced at greater heights above the sea surface.
Some useful conclusions can be derived based on analogies with other areas of science. Soloviev & Lukas (2010) proposed to treat the two-phase layer at the air-water interface as the transitional boundary layer in a self-regulating regime, which maintains the Richardson number near its critical value. The elimination of short surface waves by the KH instability of the air-sea interface reduces the wave-induced aerodynamic drag, while the two-phase environment produces additional drag. The latter, however, becomes significant only under conditions of major tropical cyclones. Figure 4 shows the unified parameterization of air-sea drag coefficient including the waveform induced drag and the two-phase drag (Soloviev et al., 2014) . This parameterization is consistent with the available observational data on the drag coefficient in tropical cyclones (Bell et al., 2012; Black et al., 2007; Jarosz et al., 2007; Powell et al., 2003) . New observational data (Hsu et al., 2017) , obtained from the ocean current response which clearly shows a decrease in the drag coefficient, have been added for comparison. Zhao et al. (2015) measured the typhoon air-sea drag coefficient from a coastal tower located in the South China Sea for wind speeds up to 50 m s 21 . Their data, after extrapolation to open ocean conditions, are consistent with the unified parameterization shown in Figure 4 .
According to the unified parameterization (Figure 4) , the drag coefficient increases with wind speed up to $35 m s 21 . The drag coefficient levels off around 35 m s 21 , then drops with the slope being negative until about 60 m s 21 , where it increases again.
The leveling off around U 10 % 35 m s 21 and subsequent decrease of the drag coefficient with increasing wind speed is due to the progressively stronger disruption of gravity-capillary waves at the air-sea interface by the KH instability (Soloviev & Lukas, 2010) . The two-phase layer at the air-water interface cannot support the surface waves whose wavelengths are shorter than or comparable to its thickness. Suppression of short surface waves results in a reduced aerodynamic resistance of the sea surface to the wind.
Above 60 m s 21 , the aerodynamic drag again increases due to the growing presence of the two-phase layer taking momentum from the air (see the two-phase drag parameterization in Figure 4 ). As a result, a local drag coefficient minimum-the aerodynamic drag wellremarkably develops around U 10 % 60 m s 21 (Figure 4) . The corresponding minimum for the wind stress is somewhat less pronounced than that for the drag coefficient. Nevertheless, according to equation (1), the PI is proportional to the drag coefficient, while the wind stress does not explicitly enter this equation.
In the following section, we investigate likely consequences of this feature for tropical cyclone dynamics. (Soloviev et al., 2014) ; 4, dropwindsondes (Powell et al., 2003) ; 5, angular momentum conservation (Bell et al., 2012) ; 6, upper ocean current response (Jarosz et al., 2007) ; 7, upper ocean current response (Hsu et al., 2017) ; and 8, dropwindsondes (Black et al., 2007) .
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Rapid Storm Intensification and Weakening
Rapid storm intensification is defined as a tropical cyclone intensity increase of at least 15.4 m s 21 in 24 h (Wang et al., 2015) . Respectively, we define rapid storm decline as a tropical cyclone weakening by at least 15.4 m s 21 in 24 h.
Under the assumption of a nearly constant enthalpy coefficient, the decrease of the drag coefficient from 35 to 60 m s 21 is favorable for rapid storm intensification ( Figure 5 ). However, for tropical storm strength winds, a significant wind-speed fluctuation is necessary to surmount the peak value of C d around 35 m s 21 . Only a relatively small number of storms is able to make it over this barrier and reach the wind-speed range with favorable sea surface conditions (the negative slope of the drag wind-speed dependence between 35 and 60 m s 21 ).
The positive slope of the C d U 10 ð Þ dependence on wind speed above 60 m s 21 is not favorable for further storm intensification, which may explain why only a relatively small number of tropical cyclones reach Category 5. The positive slope of the C d dependence above 60 m s 21 is not favorable for further storm intensification, because the increasing friction at the sea surface, possibly, destabilizes the vortex and initiates the eyewall replacement cycle, leading to the rapid decline of the tropical cyclones that previously reached Category 5 status.
The presence of the aerodynamic drag well around 60 m s 21 wind speed leads to an increased probability for a tropical cyclone to stay near this intensity. This condition is consistent with the multiyear statistics of tropical cyclones showing the secondary peak on the histogram of lifetime maximum intensity ( Figure 5 ). Soloviev et al. (2014) and Lee et al. (2016) have also linked this peak to the process of rapid intensification. Figure 6 shows a comparison of the theoretical unified drag coefficient with the rate of intensification of Category 4 hurricanes and tropical cyclones as a function of wind speed. Rapid intensification apparently happened for those storms that were able to overcome the positive slope of C d between approximately 30 and 35 m s 21 wind speed. The data in Figure 6 are taken from Category 4 storms when they were within the tropics and away from land.
In Figure 7 , a similar comparison is shown for Category 5 storms. These data are taken from the Category 5 storms when they were within the tropics and away from land. After the rapid intensification stage, these storms continued intensification to Category 5 storms. Remarkably, practically all storms that had reached Category 5 status then rapidly declined (''bounced'') to Category 3 or so storms. This behavior of Category 5 tropical cyclones can qualitatively be explained by the presence of the aerodynamic drag well at 60 m s 21 wind speed. This is also consistent with the multiyear statistics of tropical cyclones containing the peak of the lifetime maximum intensity around the 60 m s 21 wind speed ( Figure 5 ).
Discussion
The maximum lifetime intensity has been linked to the PI index defined by equation (1) (Emanuel, 1995; Lin et al., 2013; Shay, 2010) . Emanuel (2000) concluded that ''. . .a given storm is equally likely to attain any intensity up to its PI.'' The intensity of a storm moving over regions with the different PI depends on the time needed for the storm to adjust to the new environmental conditions (Wing et al., 2007) . The shape of the air-sea drag coefficient including the aerodynamic drag well (Figure 8 ) can result in a nonlinear, hysteresis-type response of the moving storm to changing environmental conditions. Journal of Geophysical Research: Oceans 10.1002/2017JC013435 10,180 Emanuel (2000) reported hysteresis in the average hurricane intensity. The intensity declined at roughly two-thirds of its prior intensification rate. Asymmetries including rapid intensification and rapid decline of tropical cyclones demonstrated in Figures 6 and 7 are examples of such hysteresis as well.
The negative slope of the aerodynamic drag coefficient between 35 and 60 m s 21 wind speed can explain the rapid intensification of some tropical cyclones. Further intensification of the storm can take place if the PI index allows it. However, the storms that reach a Category 5 intensity at some point can quickly ''bounce'' to the Category 3 or so intensity due to positive slope of the aerodynamic drag coefficient with wind above 60 m s 21 . We call this the rapid decline of the tropical cyclone.
A typical feature of major hurricanes and tropical cyclones is the eyewall replacement cycle. Storm intensity usually decreases during the eyewall replacement cycle (DeMaria et al., 2005; Houze et al., 2007; Knaff et al., 2003; Kossin & Sitkowski, 2009; Terwey & Montgomery, 2006; Willoughby, 1990) . The intensity weakens due to the instability and gradual erosion of the inner eyewall. The process of the eyewall replacement has been observed in detail (Cione et al., 2013 , Kossin, 2015 Sitkowski et al., 2012) but the underlying physics has not yet been completely understood. A hypothesis resulting from our research is that the state of the surface may play a role in the eyewall replacement cycle. The eyewall instability can in principle develop due to the increased aerodynamic drag on the sea surface above 60 m s 21 wind speed, with the new eyewall developing in the region of lower winds within the aerodynamic drag well.
Conclusions
Observations show that most major tropical cyclones undergo rapid intensification. Notably, after achieving maximum intensity, most Category 5 storms experience rapid decline to Category 3. These processes are not yet well understood. In this work, we have analyzed the state of the sea surface as a factor in rapid storm intensification and rapid storm decline. Theoretical analysis, laboratory experiments, and numerical simulations have demonstrated that the air-water interface under tropical cyclones is expected to develop the KH shear instability, producing the two-phase layer suppressing short surface waves and thus altering the aerodynamic properties of the sea surface. However, under major tropical cyclones, this intermediate two-phase layer can notably add to the aerodynamic drag due to the additional momentum required for acceleration of the sea spray and spume drops.
The parameterization unifying the waveform drag and two-phase environment drag (Figure 4) shows the drag coefficient (C d ) increasing with wind speed, up to $35 m s 21 . The parameterization reveals a local minimum of the drag coefficient (the aerodynamic drag well) around 60 m s 21 . Such shape of the drag coefficient dependence on wind speed can explain the rapid intensification and rapid decline of hurricanes and tropical cyclones. In fact, under the assumption of a constant enthalpy exchange coefficient, the negative slope of the C d dependence on wind speed within the range of approximately 35-60 m s 21 is conducive to rapid storm intensification. Respectively, the positive slope of the C d wind-speed dependence above approximately 60 m s 21 supports rapid storm decline. Increasing aerodynamic drag of the sea surface above 60 m s 21 wind speed can also be responsible for the eyewall instability and replacement. Finally, the secondary peak in the multiyear statistics of lifetime maximum intensity of tropical cyclones around 60 m s 21 wind speed is consistent with the presence of the aerodynamic well.
There has been significant progress in studying the air-sea interaction in major tropical cyclones, which includes moored buoy data (e.g., Cione et al., 2013) , Argo floats (e.g., Riser et al., 2016) , and the ONRsponsored Impact of Typhoon on Pacific (ITOP) experiment (D'Asaro et al., 2014) . There are nevertheless still very scarce data on the state of the air-sea interface in major tropical cyclones, especially in Category 5 storms. (This is the reason that we have based this work on the laboratory and numerical experiments.) Figure 8 . The aerodynamic drag well around 60 m s 21 in the theoretical unified drag parameterization (Soloviev et al., 2014) potentially explaining rapid intensification and rapid decline of tropical storms. The negative slope of C d above 35 m s 21 is due to progressive loss of form drag as short surface waves cease to exist due to the KH instability of the air-sea interface and increasing thickness of the two-phase near-surface layer. As this layer thickens, the twophase drag increases rapidly, limiting the strength of tropical cyclones.
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